We show that the broadband conical emission associated with filaments in air extends down to the radiofrequency region. This RF emission which originates from the longitudinal oscillation of charged ions formed during filamentation is strongly enhanced by the presence of a longitudinal static electric field.
Femtosecond filamentation, a process during which an intense subpicosecond laser pulse launched in atmosphere self organizes in the form of a collimated beam is the subject of active investigations (for a recent review see ref 1). Filaments consist of a hard core where the self-focused pulse intensity is sufficient to ionize air molecules, surrounded by a laser energy reservoir contributing to the stability of the core. Filaments are thus able to convey high intensities over long distances, well beyond the limit imposed by diffraction, leaving in their wake a short-lived plasma column. A signature of filaments is the appearance of a forward oriented conical emission extending over a large frequency domain, from the UV to the THz 1-7 . While the origin of the visible part of the conical emission is still a question of debate (X waves, Cerenkov emission 1-4 ), the low frequency THz component is now well understood 5, 7 . It corresponds to a Cerenkov-like emission from free electrons oscillating longitudinally in the plasma column. This THz emission is strongly enhanced by the presence of an external static electric field [8] [9] and some evidences of RF emission from a biased filament have been reported 10 .
In this letter, we investigate experimentally the conical emission of filaments, in the RF range (MHz to GHz) when an external static electric field oriented along the filament axis is applied. We detect a broadband emission between kHz and GHz and show that this emission is in fact the analog of the THz Cerenkov emission reported earlier, except that here the motion of electrons is replaced by the motion of charged molecules.
The experimental set up is shown in Fig. 1 . The measurements were performed outdoor, in a free environment, to avoid unwanted reflections. The laser used for this experiment was the TERAMOBILE 11 , a CPA laser chain based on Ti:Sa technology. It delivers pulses with a peak power of several TW at 800 nm (pulse energy: 150 mJ; pulse duration of 50 fs; repetition rate 10 Hz). Since its peak power is far above the critical power for the onset of filamentation (3 GW in air for a wavelength of 800 nm), a bundle of ~ 20 parallel filaments were formed after a few meters of propagation. In order to regroup the plasma columns from the individual filaments into a single column, the laser beam was weakly focused with a 10 m focal length telescope. A plasma column of ~ 7 mm diameter was then obtained, starting 1 m before the geometric focus and extended over at least 2 m 10 . In order to apply a longitudinal electric field to the plasma column, a circular electrode with a central hole was placed at the beginning of the plasma channel (See Fig. 1 ). A high voltage (up to 50 kV) was applied on the electrode. The end of the plasma column was precisely fixed by inserting a thick dielectric block in the beam path 20 and 50 cm after the electrode. Two types of electrodes have been tested: the first had an inner hole diameter d of 2 cm and an outer diameter D of 10 cm, while the second electrode had the dimensions d = 2 cm, D = 100 cm. The corresponding calculated electric fields on the propagation axis are shown in Fig. 2 .
Detection of the RF emission was performed with two planar integrated antennas: antenna A has an optimal response in the range 150 MHz-2 GHz, and antenna B from 1 to 6 GHz 12 . The transfer function in reception of antenna A was measured with a network analyzer in the spectral range 100 MHz -5 GHz showing a quasi flat response over this spectral range (see Fig. 3 ). Some measurements at still lower frequencies were performed with a magnetic loop antenna (bandwidth: 9 kHz to 30 MHz). The reception antennas were set at a distance of 15 meters from the filament and could be displaced on a quarter circle centered around the electrode (see Fig. 1 ). The antennas were set to detect the electric field component (perpendicular to the acquisition circle radius) in the horizontal plane defined by the filament and the detection point. The RF signal from the reception antennas was directly digitized with a real time oscilloscope (Tektronix DSA700000, 6 GHz bandwidth). Measurements were performed as a function of applied field, angle with respect to the filament axis and plasma column length. For each measurement point, the background noise level was also recorded with the laser operating but stopped before filamentation.
A typical electric signal is shown in the inset of Fig. 3 . It was recorded at angle 90°, perpendicular to the filament axis, with electrode A and an applied voltage of 40 kV. The corresponding spectrum obtained by Fourier transformation is shown in the same figure. As can be seen, a broad emission, extending over the entire antenna bandwidth is observed.
Measurements with the magnetic loop antenna confirmed that its low frequency tail extends to the kHz domain. Fig. 4 shows the dependence of the spectral amplitude at 140 MHz as a function of applied voltage. For this measurement, a second grounded electrode was set at a distance of 14 cm from the other electrode. Below 5 kV (corresponding to a maximum external field of 330 V/cm in a single electrode configuration), the signal is buried in the ambient noise, effectively limiting the active region of the plasma column to a distance of ~18 cm for electrode A and ~30 cm for electrode B. Indeed, no appreciable difference in the amplitude of the emitted RF signal was found by removing the dielectric block limiting the filament length. Finally, the far field radiation pattern of the RF emission at a few selected frequencies was measured along 24 points placed on the quadrant. As shown in Fig. 5 , the radiation presents a hollow cone shape oriented in the forward direction. The angular center of gravity of this emission moves towards the filament axis for increasing frequencies.
We first discuss the radiation pattern since it gives a clue about the origin of the emission. As can be seen, the emission takes the form of a slightly forward oriented emission, the angle of which depends on the plasma length and the emission frequency. This is similar to the radiation pattern observed in the THz range, except that the angle of aperture is considerably larger here. This particular radiation pattern allows identifying the emission mechanism. It is due to the same mechanism as in the case of THz radiation (Cerenkov-transition process), except that the motion of electrons in the plasma is replaced by the motion of ions. More precisely, the situation is analog to the THz emission enhanced by a longitudinal field 8 . Consider an element of the filament at distance z. Once the ionization front reaches z, it creates free electrons and ions which are set in a longitudinal motion in order to screen the preexisting longitudinal field and then oscillate at their characteristic plasma frequency. Each element z emits therefore a dipole like radiation oriented perpendicular to the filament axis z, but with a phase delay with respect to that of element z-dz. In the present case, reflections at the end of the filament can be neglected. This is similar to the emission from a travelling wave antenna. The coherent sum of all elementary dipoles over the entire plasma column gives rise to a conical emission in the far field obeying the relation in the frequency domain 13 .
where = 377  is the impedance of vacuum, c k /   is the wave vector of the radiated field, R is the distance between the beginning of the active region O and the detection point P, M is a source point of the emitting line and L is the length of this line. One should note that this formula is only valid in the far field (1/R << 1) and for a small source (L << R).
Since the external field is non uniform, the current distribution I can be expressed as 
where K is a normalization constant. We have performed simulations which include the spatial variation of the electric field. The radiated field is given by the far field integral of a one-dimensional current.
Results are shown as red curves in Fig. 5 . As can be seen the overall radiation pattern is well restituted, except for the appearance of a more complex structure inside the lobes. This effect is particularly pronounced in the high frequency part of the spectrum. We attribute these interferences to reflections of the radiations over the bumped ground and the surrounding obstacles, but the complexity of the environment geometry does not allow us to make clear estimation of these effects.
Other characteristics of the RF emission are in agreement with the model. The emitted radiation amplitude should depend linearly on the applied field, in agreement with the experiment (see Fig. 4 ). The travelling wave antenna predicts a broad spectrum since there is no quantization of the field in a resonance cavity as it is the case with a dipole antenna. The filament produces a dipole-like emission in the extreme case when the wavelength in much longer than the active length (>>L). The directivity is linked to the spatial distribution of the applied field on the axis.
In conclusion, filaments in air give rise to a forward conical emission extending down to the kHz domain. The origin of this low frequency signal is the longitudinal motion of charged ions. To be observable this emission requires the presence of an external static field, since the ponderomotive force of the pulse is too weak to displace ions significantly. This work was partially funded by the DGA grant N°200795091. 
